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T RAUMATIC BRAIN INJURY (TBI) is a leading cause of death and injury in children and adolescents. [1] [2] [3] Children who experience severe head injuries require intensive rehabilitation and support because of complex deficits affecting cognitive skills, memory, language, and academic abilities. 3, 4 Movement disorders in pediatric TBI patients include symptoms such as spasticity, ataxia, and bradykinesia, [5] [6] [7] which may lead to long-term impairments of motor proficiency. [8] [9] [10] Several studies [8] [9] [10] [11] have evaluated motor outcome in children by using standardized testing procedures. Chaplin et al 8 used the Bruininks-Oseretsky Test of Motor Proficiency 12 (BOTMP), which includes a number of gross-and fine-motor items, to examine children more than 1 year after TBI. Not only gross-motor subtests (running speed, balance, strength, bilateral coordination), but also a fine-motor subtest of upper-limb speed and dexterity, revealed significant differences between brain-injured children and control subjects. Congruent with this, other studies 3, 4, 10 have reported persisting impairments of upper-limb function and visuomotor control in children after severe TBI. Rossi and Sullivan 9 examined performance on motor fitness test items, including strength, agility, endurance, and coordination, in children and adolescents about 4 years after severe TBI. They found a low level of performance, which may limit the children's participation in sports and physical activities.
Although these studies have shown residual deficits mainly in tasks requiring speed, precision, and strength, less emphasis has been placed on changes in common functional motor behavior. Long-term gait impairments have been noted in children after severe TBI, although most regained independent ambulation. [13] [14] [15] A reduced quality of arm and hand movements, which may hamper upper-limb function, was recently reported by Wallen et al. 10 However, detailed quantitative analyses of functional motor tasks in children after TBI are lacking. Therefore, in this study, we used instrumented measures to analyze 2 relevant functional tasks, gait and reach-tograsp movements (prehension), in ambulatory children with moderate and severe TBI, and in matched healthy control subjects. Quantitative motion analysis objectifies performance and may help to detect subtle deficits that are not visible; it can also identify relevant measures that are useful for follow-up studies. 16, 17 The results of the motion analyses were compared with clinical assessments of upper-limb movements and gait, in which the movement quality was subjectively rated on ordinal scales. 17, 18 Furthermore, neuropsychologic functions were assessed with a test (Kaufman Assessment Battery for Children [K-ABC]) that is suitable for TBI children. 19, 20 With these methods, inpatients of a tertiary pediatric trauma rehabilitation center were examined after a mean time interval of 12 months postinjury. The following questions were addressed. First, what are the differences between brain-injured children and control subjects in quantitative analyses of gait and hand movements? Second, does any change take place over a 2-month interval of inpatient rehabilitation? Third, are there significant correlations between clinical and instrumented measures of motor performance and neuropsychologic test results?
METHODS

Participants
The TBI group consisted of 20 children who had sustained a moderate or severe head injury (initial Glasgow Coma Scale score, Ͻ12), resulting in a documented loss of consciousness for Ն24 hours. All were inpatients of the Neurologisches Rehabilitationszentrum für Kinder und Jugendliche Friedehorst, a center specializing in the rehabilitation of young head trauma patients. They participated in a rehabilitation program with special schooling and neuropsychologic support and received occupational therapy and physiotherapy (3-5h/wk). A consecutive sample of children was included who met the following criteria: (1) independent ambulation over at least 25m; (2) ability to reach out and grasp small objects with thumb, index finger, and middle finger (tripod grip); (3) a minimum age of 6 years; and (4) sufficient comprehension and attention to follow simple verbal test instructions. Neuropsychologic assessment was performed with the K-ABC (results in table 1), a multidimensional intelligence test 19 (normal score Ϯ standard deviation [SD], 100Ϯ15). Patients were excluded if they had preexisting developmental or intellectual disabilities, a progressive disease, or peripheral injuries that hampered motor performance or were taking medications with sedative side effects. A control group of healthy children with normal motor development was matched to the patients on the basis of gender, age within 6 months, and premorbid school grade. Previous studies have shown that comparisons using data of matched control subjects are more valid than comparisons using test norms because biases resulting from premorbid characteristics, maturational effects, and different test settings are avoided. [1] [2] [3] [4] Descriptive characteristics of the TBI patients and the controls are presented in table 1.
Gait Analysis
A walkway (13m long, 1m wide) was covered with a thin carpet, and a transparent draft paper was fixed along and over the central part (5m) of it. Small brass plates (20ϫ11ϫ0.4mm) with 2 to 3 punched-out peaks (like Braille) were fixed under the usual walking shoes of the subjects. One plate was placed under the middle of the heel and another beneath the head of the second metatarsal bone. The connecting line was considered as the long axis of the foot. The children walked along the walkway at their preferred comfortable speed without aids. The punched-out peaks imprinted the footsteps on the draft paper. In 2 testing sessions, 4 consecutive runs along the walkway were recorded for each child. Gait velocity and cadence were calculated from the time needed to pass 2 infrared light barriers located 5m apart in the middle of the walkway. Stride and step lengths, step width, and foot rotation angles were measured directly from the imprints by using the coordinates of a drawing board (fig 1) . For each stride, the ratio of the corresponding 2 step lengths (left/right) was calculated. The absolute difference of this ratio from the ideal value of 1 represented the index of gait asymmetry. Mean values and the intraindividual variability (SD) of the different variables were calculated from 25 to 35 steps of both legs in each subject. A detailed description of this method has been published. 21 
Kinematic Analysis of Reach-to-Grasp Movements
The children sat in an adjustable chair with their dominant hand resting in a semiprone posture on a table at a starting point. The thumb and index finger were in the pinched position. On hearing an acoustic start signal, they reached out to grasp and lift cylindrical target objects with the thumb and index finger of their dominant hand, often stabilizing objects with the middle finger (tripod grip). The children were told to move with their normal comfortable speed, as if "reaching for a building brick on the table." The distance of the object from the starting point (60% of arm length) and the object size (diameter, 10% of finger span) were scaled to body proportions to obtain equivalent conditions for different individuals. An optoelectronic motion analysis system a (time resolution, 20ms) was used to record the coordinates of 3 reflective markers attached to the nails of the thumb and index finger and to the wrist. Figure 2 illustrates 1 reach-to-grasp trial, with the velocity profile showing the acceleration and deceleration of the reaching hand and the grip aperture curve displaying the simultaneous opening-closing sequence of the grasping fingers. To illustrate the coordination of the movement components, that is, reaching and grasping, velocity was plotted against grip aperture ( fig 3) . For every child and every testing session, 8 to 10 trials were recorded, and the following parameters were calculated: reaction time from start signal to movement onset; movement duration from movement onset until the object was lifted; intraindividual variability (SD) of movement duration; peak velocity of the hand, an index describing the straightness of the path of the reaching hand; and the maximum distance between the tips of the thumb and index finger during the reach-to-grasp movement (maximum grip aperture). The straightness index was the ratio of the movement trajectory length and the distance between the starting point and target object. A detailed description of this method and developmental data of healthy children are given elsewhere. 22 
Clinical Assessments
Subsequent to a neurologic examination, various motor tasks were rated by an experienced neurologist (HS). This included (1) walking forward, (2) walking forward with eyes closed, (3) walking backward, (4) heel-to-toe walking, (5) running, (6) walking on heels, and (7) walking on toes. Upper-limb movements comprised 5 tasks, rated separately for both sides: (8) rapid opening and closing of the fist, (9) fast repetitive fingeropposition (ie, the thumb sequentially touching each of the 4 digits), (10) rapid pronation and supination movements, and the finger-to-nose test (11) with eyes open and (12) with eyes closed. Performance on each of these tasks was rated on a 4-point scale (0ϭsevere, 1ϭmoderate, 2ϭslight impairment of movement quality and/or gait stability, 3ϭage-adequate performance). 17, 18 Composite scores were then calculated for gait (items 1-7, maximum 21 points) and upper-limb functions (items 8 -12, maximum 15 points). Hand dominance was determined though a questionnaire. 23 Dominance had shifted (right to left) after TBI in 1 child. Furthermore, to assess a bimanual fine motor skill, we measured the time needed to thread 5 small round beads (diameter, Ϸ3mm) and 5 larger cylindrical beads (length, 10mm; diameter, 7mm) with a stopwatch.
Procedure and Data Analysis
The study was approved by the appropriate ethics committee at Kiel and Bremen, Germany. Informed consent was obtained from the children's parents. All examinations were performed in a distraction-free environment at the rehabilitation center. Neurologic examinations and clinical assessments of motor functions lasted about 45 minutes. Gait analyses (20min) and kinematic recordings of reach-to-grasp movements (20min) were then performed (by JPK-B, HS). Rest periods were given between the sessions. Neuropsychologic assessments (K-ABC) of the TBI patients were performed once, on another day in most cases, by a psychologist (BB, see Acknowledgments). Motor performance (but not the K-ABC) was reexamined after 2 months (55-65d) of inpatient rehabilitation in 15 (75%) of the 20 TBI children to examine responsiveness to change of the different measures. In 5 cases, a second examination was not possible for various reasons (discharge from the clinic, infectious diseases, lack of interest). Motor functions of the control children were examined once. Due to time limitations, K-ABC data were not obtained for the controls.
Data were analyzed with SPSS. b Group-descriptive statistics were calculated for the different variables. Data of the TBI children (first examination) and the control subjects were compared with the nonparametric Mann-Whitney U test. This test for independent samples was used because matching on age was possible only within Ϯ6 months and because a paired test might overemphasize small, possibly age-related, differences within pairs. The Spearman correlation coefficient (r s ) was calculated to examine the relation between clinical and instrumented measures of motor performance and between these measures and the neuropsychologic (K-ABC) test score. Within-subject changes between the first and second testing sessions of the patients were assessed with the Wilcoxon rank-sum test. The significance level was set at .05.
RESULTS
Results of the gait analyses are listed in table 2. The natural, self-selected gait velocity was significantly lower in TBI children than in control subjects. Furthermore, their stride and step lengths were reduced significantly. Even if the stride length was normalized as a percentage of body height, the difference (PϽ.01) between groups would remain (TBI, 79%Ϯ12% vs control, 92%Ϯ8%). Equivalent results were obtained for the normalized step length (TBI, 39%Ϯ6% vs control, 46%Ϯ3%). The intraindividual variability of the asymmetry index was higher in the TBI children than in the control subjects. This indicates a less stable symmetry of the left and right step lengths in the brain-injured subjects. Furthermore, the step length tended to be more variable, and foot rotation angles were somewhat increased.
Step frequency (cadence) and step width, however, were similar in both groups. The clinical score of gait was reduced in 16 of 20 patients, mostly due to difficulties with heel-to-toe walking, running, and walking with eyes closed. Several significant correlations between this composite score and quantitative gait parameters were found (table 3). Higher scores were associated with higher gait velocity, higher step length, and a symmetrical gait.
Prehension movements also differed significantly between groups (table 4). Reaction time and movement duration were prolonged, hand velocity was reduced, and the intraindividual variability of the movement time was higher in children with TBI than it was with control subjects. Furthermore, the patients opened their hands wider while reaching out for the object. Kinematic profiles (fig 3) were used to assess the coordination between reaching and shaping of the grip. Irregular patterns, indicating coordination deficits, were found in 7 TBI children. This is illustrated with representative data from 1 patient (patient A, fig 3) . Movement quality was preserved in others, yet the velocity was reduced compared with control data (see fig 3, patient B as a typical example). Furthermore, the TBI children needed more time to complete a bimanual fine-motor task than did the control subjects (table 4). For 13 patients, the composite clinical scores of upper-limb function (both sides) were below the age-adequate value. Reduced speed and disturbed movement fluency in the finger opposition and prosupination tasks were the most frequent disorders. Higher clinical scores (dominant hand) were associated with shorter reaction and movement times. There was also a significant negative correlation Step variability and foot rotation angles showed trend toward a significant difference between groups. between the neuropsychologic K-ABC score and reaction time (table 3) . The instrumented measures of gait and reaching and grasping did not change significantly in the 15 TBI children who were reexamined after 2 months of rehabilitation. There was a tendency (PϽ.08) toward an increase of the step length (from 56.7Ϯ11cm to 58.9Ϯ9cm) in the 15 cases. However, the clinical gait score improved in 10 patients, with the mean value significantly increasing (PϽ.05) from 14.6Ϯ7.3 (first examination) to 16.1Ϯ7.3 (second examination). Four children had been weaned from using a walking aid that initially had been used during outdoor ambulation. The score of upper-limb function (dominant side) also changed significantly (PϽ.05). It improved in 7 cases, with the mean increasing from 11.5Ϯ3.4 to 13.3Ϯ2.5. For the nondominant side, improvements (6 cases) and reductions (2 cases) were noted, with no significant overall changes.
DISCUSSION
This study differs from earlier research on motor control in TBI children in that functional motor behavior was evaluated with quantitative instrumented measures. Previous studies [6] [7] [8] [9] [10] [11] reported that brain-injured children show deficits in tasks requiring speed and precision. In contrast to these studies, we analyzed more natural functional motor behavior and permitted the children to move at their preferred speeds. Thus, more variations of performance were possible than in tests that probed maximum speed and precision. Nevertheless, we found significant differences in gait and reaching and grasping movements between brain-injured children and control subjects. The motor performance of the children with TBI was characterized by slowness, unstable motor patterns (higher intraindividual variability), and coordination deficits. In concurrence with earlier research [1] [2] [3] [4] 11, 14, 20 a neuropsychologic test (K-ABC) revealed cognitive deficits in many of the TBI children. Lower test scores were associated with prolonged reaction times in a motor task, indicating that neurobehavioral sequelae of severe TBI involve several functional domains. [1] [2] [3] [4] Our method of gait analysis did not interfere with natural performance. The thin metal plates attached to the shoes were not perceivable to the subjects. A high retest reliability for the measurement of spatial gait parameters has been reported. 21 The gait of the TBI children differed from that of the controls because the velocity was reduced, the steps were shorter and tended to be more variable, and the step symmetry was less consistent. Gait analyses have been used to objectify unsteady walking and impaired balance in adults after TBI 24 and in adult patients with spinal cord lesions. 25 Their protective gait pattern was characterized by reductions of the gait velocity and step length, whereas the step width was increased. 25 In our group of TBI children with heterogeneous brain lesions, the step width was not significantly altered, but foot rotation angles (outward) tended to be higher. An increased static and dynamic postural instability has been found in adult TBI patients through recordings of body sway. [26] [27] [28] It might be interesting to examine the relation between such force-platform measures and gait parameters in children with TBI.
Reaching out to grasp an object is an important functional movement that combines 2 components: reaching (hand transport) involves proximal muscles acting on the shoulder and elbow joints, whereas the preshaping of the fingers (grip formation) involves more distal muscles. 22 Both components were affected in TBI children. Impairments in reaching were reflected by the prolonged and variable movement duration and by the reduced velocity of the hand. The coordination of both components-grip formation and reaching-was disturbed, and the grip aperture was increased. This increase may be a compensatory strategy to counterbalance inaccuracies of hand transport. Congruent with this, previous studies 22, 29 of healthy subjects have shown that the hand opens wider when visual control is lacking or when high speed hampers precise reaching. In summary, quantitative analyses in TBI children could describe deficits of functional movements (gait, reaching, grasping), which were performed without time pressure.
Instrumented analyses of motor performance are valuable and reliable tools with which to improve objectiveness in clinical measurement. 16, 17 Nevertheless, a number of drawbacks must be considered. Only a limited scope of selected tasks could be analyzed. Cost factors, the amount of instrumentation, the preparation of the setup, the time-demanding data evaluation, and technical reasons prevent a more widespread use of quantitative motion analyses. 30 Because of technical (precalibrated cameras) and time limitations, it was not possible to record the movements of both hands. The need to focus on selected motor tasks limits the number of eligible patients who can participate and may also impede the detection of changes in motor proficiency.
Although they are not standardized and subjective, clinical tests of motor performance (eg, the finger-to-nose test) are universally used. Coordination deficits, reduced movement quality, and impaired balance have been identified as typical physical problems resulting from TBI. 4, 30, 31 Masanic and Bay- ley 18 found that neurologic soft signs in an acquired brain injury population can be reliably rated on ordinal scales. We obtained composite scores of performance based on ratings of appropriate items, including probing speed (eg, finger opposition), coordination (eg, rapid pro-and supination), and balance (eg, heel-to-toe walking). The resultant summation effect facilitates the detection of changes, which may explain why the scores of the TBI children improved from the first to the second testing session. A subjective bias, however, cannot be excluded. We did not examine intra-and interrater reliability in our study. The relation between instrumented and clinical measures of motor performance has been studied in adult TBI patients. Lehmann et al 27 reported significant correlations (rϷ0.7) between quantitative postural sway measures and clinical tests (walking on a balance beam). Wade et al, 26 however, found no relation between improvements in postural sway and walking parameters or functional assessments during rehabilitation, suggesting different underlying mechanisms of recovery. Two studies 17, 30 assessed arm-hand coordination both clinically (with the finger-to-nose test) and by computerized analyses of reaching movements. Similar to our results, only moderate correlations (rϽ0.7) between clinical and instrumented measures were found. Both methods may reflect different aspects of motor performance. 17 Our clinical score included more tasks than the quantitative analyses of specific movements.
Future studies should compare instrumented measures with appropriate standardized tests of motor performance (eg, the BOTMP, 12 the Jebsen test of hand function, 32 the Gross Motor Function Measure 33 ) to examine the methods' sensitivity to detect changes. Swaine and Sullivan 34, 35 reported that standardized testing and scoring procedures used by trained physical therapists can reliably measure motor skills during recovery after TBI. A preselection of patients may, however, be necessary, as was recently discussed by Wallen et al. 10 In their study, many children were unable to complete a standardized assessment (the BOTMP) and, therefore, had to be excluded. Hence, Wallen's test results, and likewise the instrumented measures of our present study, represent the performance of a selected subgroup. Qualitative measures are needed for outcome studies that include all patients. 10 A longer follow-up period may have been necessary to detect continuing improvements in this stage of recovery, at a mean interval of 12 months postinjury, with instrumented measures. The recovery rate is fast during the first 6 months after moderate and severe TBI in children but then slows considerably. 4, 5, 11 A different timing may explain why Wade 26 found significant improvements in postural sway and walking parameters during a relatively short period of rehabilitation (2-6wk) in adults, who were examined earlier (47Ϯ28d) after severe TBI. A limitation of our study is that the children received therapeutic interventions that were adjusted to individual demand. Any influences of these interventions were incorporated; we did not evaluate the efficacy of a specific treatment.
CONCLUSIONS
Impairments of relevant functional motor tasks, that is, gait and reach-to-grasp movements, were detected with instrumented motion analyses in children with moderate and severe TBI. Compared with healthy control subjects, the movements of the brain-injured subjects were slower and more variable and showed coordination deficits. In day-to-day situations, children with TBI may not be able to perform tasks as fast and as effortlessly as their peers. Instrumented evaluations of selected motor tasks yield objective and precise measures, but this neither allows a general description of motor proficiency nor guarantees a high responsiveness to clinically important change. The agreement with clinical assessments is only "moderate." Instrumented measures should be combined with more comprehensive tests.
